ABSTRACT: The local structure of aqueous metal ions on solid surfaces is central to understanding many chemical and biological processes in soil and aquatic environments. Here, the local coordination structure of hydrated Zn(II) at water-TiO 2 inter faces was identified by extended X-ray absorption fine structure (EXAFS) and X-ray absorption near-edge structure (XANES) spectroscopy combined with density functional theory (DFT) calculations. A nonintegral coordination number of average ~4.5 O atoms around a central Zn atom was obtained by EXAFS analy sis. DFT calculations indicated that this coordination structure was consistent with the mixture of 4-coordinated bidentate bi nuclear (BB) and 5-coordinated bidentate mononuclear (BM) metastable equilibrium adsorption (MEA) states. The BB com plex has 4-coordinated Zn, while the monodentate mononuclear (MM) complex has 6-coordinated Zn, and a 5-coordinated adsor bed Zn was found in the BM adsorption mode. DFT calculated energies showed that the lower-coordinated BB and BM modes were thermodynamically more favorable than the higher-coordinated MM MEA state. The experimentally observed XANES fingerprinting provided additional direct spectral evidence of 4-and 5 coordinated Zn-O modes. The overall spectral and computational evidence indicated that Zn(II) can occur in 4-, 5-, and 6-oxygen coordinated sites in different MEA states due to steric hindrance effects, and the coexistence of different MEA states formed the multiple coordination environments.
INTRODUCTION
The coordination behavior and interfacial structure of aqueous metal ions is a key issue in surface science and is subject to intense scrutiny and debate. [1] [2] [3] [4] .Differences in surface coordination structure may greatly affect the local chemical properties, long-range interactions, surface reactivity, and bioavailability of metal ions in the aquatic environment. For instance, the transformation of Zn coordination number from 6 to 4 during long-term incorporation into cells and short-term adsorption on diatom surfaces has been observed in the literature. 5 Such a change of metal local structure and/or species produces a significant isotopic fractionation of zinc between diatoms and Zn-bearing solution 6 . Conclusive diagnosis of the surface coordination structures of metal ions on the atomic scale is helpful for understanding the toxicity and environmental impacts of the pollutants.
Zinc is a ubiquitous metal ion in soil and aquatic environments and is of great environmental concern 7 . So far, although Zn(II) surface chemistry has been investigated extensively, there remains controversy as to its interfacial adsorption structures. 4, 8, 9 The current identification of the coordination structures of absorbed Zn has been based either on spectral and theoretical methods, such as extended X-ray absorption fine structure (EXAFS) and density functional theory (DFT) calculations 8, [10] [11] [12] or on semiempirical hypotheses according to the variety of Zn coordination observed in crystalline compounds where Zn can occur in 4-, 5-, and 6-oxygen coordinated sites. 1, 4, 13 However, because the actual adsorption equilibrium state is generally constructed from a set of different microscopic metastable equilibrium adsorption (MEA) structures, 8, 10, 14 and the transformation/proportion among the MEA states can be affected by reaction kinetics, 7, 15, 16 the identification of separate MEA states in a given sample from EXAFS analysis is extremely difficult. 10, 17 DFT calculations have been used to identify possible coordination environments of adsorbed Zn; these efforts demonstrated the influence of hydrolysis on adsorbate coordination number. 8 However, these DFT calculated results need to be confirmed from experimental evidence. Conclusive diagnosis and direct experimental evidence on the complex coordination geometry of adsorbed Zn is lacking. This is partially due to the absence of high-sensitivity experimental techniques and theoretical analyses that can directly detect the local structure of adsorption states.
Synchrotron-based X-ray absorption near-edge structure (XANES) spectroscopy directly probes the unoccupied density of states (DOS) and gives three-dimensional stereochemical information on the electronic distribution and local geometry of the target atom. 15, 17 The DOS function contains the individual contribution of atomic orbitals to a molecular orbital. The greater the DOS, the greater the probability of electron transition into a corresponding antibonding molecular orbital. 18 XANES is also very sensitive to valence changes and covalency, which allows XANES spectra to be potentially effective for distinguishing among different coordination structures. Therefore, the combination of high-accuracy EXAFS and XANES spectral analysis with DFT calculations is expected to provide substantial experimental and theoretical insights in the surface topology of metal ions on natural minerals [e.g., iron, aluminum, manganese, and titanium (hydr)oxides]. This effort may enable a more accurate identification of Zn surface coordination structures and thus allow enhanced understanding of the speciation and the geochemical cycle of zinc.
The objectives of this study were to determine the coordination properties of adsorbed Zn(II) and to provide new interpretation of the EXAFS analysis. For this purpose, the coordination microstructures of hydrated Zn(II) on TiO 2 surfaces obtained by EXAFS were further analyzed by DFT calculations, and the DFT-calculated interpretation of the nonintegral coordination numbers was directly confirmed by experimental XANES spectroscopy. TiO 2 was employed because it is a model oxide surface and widely used material in many interface-related studies including the treatment of various pollutants. [19] [20] [21] ' THEORETICAL METHODS Density Functional Theory Calculation. Calculations were performed via gradient-corrected density functional theory with the Becke three-parameter nonlocal exchange functional 22 and the Lee-Yang-Parr correlation functional 23 (i.e., B3LYP). Lowspin and restricted closed-shell formula with a fully optimized calculation strategy were employed to compute the adsorption of hydrated Zn(II) on titanium (hydr)oxide surfaces. To eliminate boundary effects and reduce charge on the clusters, the dangling bonds of O atoms were saturated with H atoms. 16, 24, 25 The geometry and energy were calculated by use of the 6-31G(d) basis set for O and H and the LANL2DZ relativistic effective core potential basis set for Zn and Ti transition metals.
Because of the high computational cost of electronic structure methods, a Ti 4 O 18 cluster representing the (100) anatase surface was used to determine the geometry of Zn(II)-TiO 2 complexes. The surfaces of anatase particles consist predominantly of (101), (100), and (001) crystal planes, 26, 27 with the specific expression of crystal planes (i.e., the crystal habit) depending on the synthesis technique. 28, 29 Our previous studies proved that the dominant surface in the TiO 2 powder used in our adsorption experiments was the (100). 15, 16 The good agreement of calculated Zn-O and Zn-Ti distances with experimental EXAFS results also indicated the reliability and agreement between the crystal planes and model cluster used in our calculations.
There are two different oxygen sites in anatase, O(2) and O(3), which are bonded by two and three titanium atoms, respectively. 29 The 16 boundary oxygens in the Ti 4 O 18 model cluster were saturated with 22 H atoms to ensure the coordination numbers of O(2) and O(3) were the same as that of anatase bulk structure. This method avoided the overrelaxation of model clusters 16, 30 (discussed in the Supporting Information). Six water molecules were used to simulate the hydration of the Zn(II) cation. Therefore, a [Ti 4 O 2 (OH) 10 (H 2 O) 6 Zn(H 2 O) 6 ] 4þ cluster model was ultimately used to determine the geometry of Zn(II)-TiO 2 adsorption states. This cluster model was verified to be reliable to describe the typical adsorption sites of Zn(II) and identify the coordination properties of Zn(II)-TiO 2 complex (discussed in the Supporting Information). The DFT calculation was performed with Gaussian03. 31 X-ray Absorption Near-Edge Structure Simulation. Zn K-edge XANES spectra and projected density of states were calculated by full multiple scattering theory (i.e., all scattering paths were summed within a specified cluster volume) by use of a self-consistent field potential model with the FEFF 8.2 code. 32 The self-consistent field potential model is more accurate for XANES calculation than atomic overlap using the Mattheiss prescription, because the former takes the charge transfer into account and is more reliable in estimating the Fermi level E F . 15, 33 In the calculation, the Hedin-Lundqvist exchange-correlation potential was used with muffin-tin radii overlap of 0.8 for H atom and 1.15 for other atoms (i.e., Zn, O, and Ti atoms). 33 A core hole was included to imitate the final state of the photon absorption process. Each type of scatterer (i.e., O, H, and Ti atoms) was calculated with unique potentials. 17 The XANES simulation was on the basis of a ∼8.0 Å radius Zn(II)-TiO 2 surface adsorption cluster (typically ∼140 atoms), in which convergence had occurred. In the XANES model clusters (presented in the Supporting Information), the geometries of zinc and the firstneighbor oxygen atoms were optimized via a DFT calculation, while the substrate used the bulk structure of the anatase (100) surfaces.
' EXPERIMENTAL SECTION Materials and Sample Preparation. Zinc stock solution was prepared from Zn(NO 3 ) 2 (guaranteed reagent, Beijing Chemical Reagents Co.) and stored at 4°C. Other reagents used in this study were analytical-grade, and all labware was acid-washed. Anatase TiO 2 (Beijing Chemical Reagents Co.) was used as the adsorbent. X-ray diffraction analyses showed that the TiO 2 was pure anatase. Brunauer-Emmett-Teller (BET) surface area analysis (ASAP-2010, Micromeritics) following the standard N 2 -BET method indicated a specific surface area of 201.3 m 2 /g for the dry TiO 2 . Because of the aggregation effect, the particle size distribution in solution, measured with a Mastersizer 2000 analyzer (Malvern), ranged from 0.3 to 2.5 μm. The volume average particle diameter was 0.95 μm. All solutions were prepared in ultrapure water (resistivity 18 MΩ) obtained with a Liyuan UPW-10N ultrapure water system.
To study the interfacial structures of hydrated Zn(II) on TiO 2 surfaces, adsorption samples were prepared at pH 6.3 and 6.8 for XAFS measurement. The two samples were chosen from the pH edge of Zn(II) on anatase 34 and generated by adding different total zinc concentration (0.41 mmol/L for pH 6.3 and 0.77 mmol/L for pH 6.8) to polypropylene centrifuge tubes with 1.0 g/L TiO 2 , and 30 mL volume, to yield sufficient adsorption density for XAFS data collection. A constant ionic strength was maintained by use of 0.01 mol/L NaNO 3 . The pH of the reaction system was constantly monitored and adjusted to the desired value (6.3 and 6.8) by addition of 0.1 mol/L NaOH or 0.1 mol/L HNO 3 . The tubes were capped and shaken for 24 h at 25°C, during which the adsorption reached equilibrium. After 24 h of equilibration, the moist Zn-laden TiO 2 solids were separated by centrifugation and mounted in 2 mm thick sample holders. The samples were sealed between two layers of adhesive poly(vinyl chloride) (PVC) tape to prevent moisture loss and stored at 4°C before XAFS measurement.
X-ray Absorption Fine Structure Measurement and Data
Treatment. XAFS data were measured on beamline 4W1B at the Beijing Synchrotron Radiation Facility (BSRF). A spectral range of -120 to 1100 eV from the K-absorption edge of Zn (9659 eV) was collected under ambient conditions. Si(111) monochromator crystals (allowing energy resolution of 0.5 eV at the Zn K-edge) were utilized. The XAFS spectra of adsorption samples were collected with a Lytle ionization detector in fluorescence mode due to the relatively low Zn concentration (0.27 mmol/g for pH 6.3 and 0.62 mmol/g for pH 6.8). The reference materials, ZnO powder and zinc aqueous solutions (0.1 mol/L), were measured in the transmission mode. The fluorescence signal was filtered by a Cu foil and radial Soller slit assembly to reduce the elastically scattered radiation. An average of three scans was performed to achieve an adequate signal/noise ratio. The energy of the Zn K-absorption edge (9659 eV) was calibrated with Zn foil.
The XAFS data were processed following the standard procedures of background absorption removal, normalization, conversion to k-space, and Fourier transformation, and then the EXAFS geometric information was extracted by use of the WinXAS 3.1 software package 1, 16, 35 with Fourier filtering and shell fitting. A linear function fit for the pre-edge region and a second-order polynomial fit in the post-edge region were used for normalization to remove the background absorption. The experimental XANES analysis utilized the background-corrected and normalized spectra obtained at this point.
Subsequently for EXAFS analysis, normalized spectra were converted to frequency (k) space by use of a cubic spline, weighted by k 3 , and weighted k 3 χ(k) spectra were generated. The k 3 χ(k) spectra, from 2.2 to 12.5 Å -1 , were Fourier-transformed (FT) by use of a Bessel window function with smoothing parameter of 4 to produce the radial structure function (RSF) in R-space (angstroms). The structural parameters of adsorption samples and zinc solution reference were determined by fitting theoretical phase-shift and amplitude functions of Zn-O and Zn-Ti scattering paths calculated by ab initio FEFF 8.2 code for the cluster of zinc titanate (Zn 2 TiO 4 ). The body amplitude reduction factor (S 0 2 ) of 0.87 was used for data fitting. 4, 12 The ZnO reference was fitted by use of the Zn-O and Zn-Zn scattering paths calculated from the crystalline structure of ZnO to estimate the accuracies for the fit parameters. All fits were performed in a sequential manner, by adding backscattering paths stepwise and recording reductions of the residual of the fit. Shells were added in order of distance from the central target atom. The coordination number (CN) of Zn-O shell and two Zn-Ti shells were initially fixed at 4, 1, and 2, respectively, to obtain estimated values for interatomic distances (R) and Debye-Waller factors σ 2 . Then the interatomic distances (R) and σ 2 were fixed to obtain CN and ΔE 0 (within (7.0 eV) for each shell. The estimated values of CN, R, σ 2 , and ΔE 0 were then used for a sequential fitting that recorded the reduction of the residual until the best fit was obtained. All the parameters (CN, R, σ 2 , and ΔE 0 ) for each backscattering path were allowed to vary progressively in the fitting processes. Residual was less than 6%, indicating the high quality of the final data fitting. To confirm the EXAFS fitting results, the experimental spectra were also fitted by use of the DFT-calculated adsorption complexes as fitting models with the same EXAFS procedures described above (detailed data are presented in the Supporting Information).
' RESULTS AND DISCUSSION Extended X-ray Absorption Fine Structure Analysis. The k 3 -weighted and Fourier transform spectra of Zn K-edge EXAFS for reference materials and adsorption samples at pH 6.3 and 6.8 are given in Figure 1 . Structural parameters of EXAFS fitting are presented in Table 1 . The comparison of our fit results for ZnO reference with the standard values 36 indicated that the estimated accuracies of the first coordination shell were (3% for CN and (0.01 Å for R. Our fitting results show that the first coordination shell of the adsorbed Zn consisted of ∼4.5 oxygen atoms at a distance of ∼2.00 Å, suggesting a multiple coordination environment. This result agrees with the fitting using the DFT-calculated adsorption models (discussed in the Supporting Information). This coordination situation of Zn(II) has been commonly observed in the literature and has been attributed either to distortion in the first coordination shell or to a mixture of tetrahedral (4-oxygen coordinated) and octahedral (6-oxygen coordinated) sites. 1, 7, 10, 11, 37 Density Functional Theory Calculation. For Zn(II) (pK a1 = 8.2-9.0), the Zn(H 2 O) 6 2þ hydration state is the dominant species at pH 6.3 and 6.8. 8, 38 On the basis of the acid dissociation constants of TiO 2 surfaces (pK a1 = 3.8, pK a2 = 7.8), 16, 21 dTiOH surface is the dominant surface functional group of TiO 2 in the experimental pH range from 6.3 to 6.8. Thus, the Zn(H 2 O) 6 2þ hydration state and a singly hydroxylated TiO 2 surface (i.e., d TiOH surface) was used in the DFT calculation. The DFTcalculated structures for corner-sharing and edge-sharing Zn with the TiO 2 surfaces are shown in Figure 2 .
DFT results indicated that the dissolved Zn(II) stably existed in a 6-oxygen coordinated octahedron in solution, and the first shell of Zn was occupied by either four, five, or six O atoms in different adsorption states due to the interferences created by steric hindrance (Figure 2) . The DFT calculation showed that the first shell of Zn was occupied by four O atoms for bidentate binuclear (BB) complex, five O atoms for bidentate mononuclear (BM) complex, and six O atoms for monodentate mononuclear (MM) complex (Figure 2 ). Due to the repulsion of inner-sphere water molecules, the mean Zn-O distance increased from 2.01 to 2.14 Å as the coordinated O atoms increased from 4 to 6 (Table 2) .
EXAFS analysis results showed that the second coordination shell of the Zn(II)-TiO 2 surface complexes was dominated by two titanium subshells at Zn-Ti distances of ∼3.17 and ∼3.42 Å (Table1). The two experimental Zn-Ti distances were close to the DFT calculated values of BM edge-sharing (3.18 Å) and BB corner-sharing (3.48 Å) complexes (Table 2 and Figure 2c,d ). In the MM corner-sharing mode, Zn would be coordinated by six O atoms at ∼2.14 Å and yield a Zn-Ti distance near 4.00 Å ( Table 2 and Figure 2b ), both much larger than the distances obtained from EXAFS analysis (Table 1) . DFT calculated energies showed that the 6-oxygen coordinated MM complex was an energetically unstable metastable equilibrium adsorption (MEA) state compared with the BB (-8.58 kcal/mol) and BM (-15.15 kcal/mol) adsorption modes ( Table 2) . Zn(II) is bonded to TiO 2 surfaces by only one chemical bond in the monodentate linkage mode but by two bonds in the bidentate mode ( Figure 2) . Hence, the Zn-O bonding interaction and the topological stabilization are enhanced by the high electron density between Zn and O in the BB and BM adsorption geometries, compared to the MM MEA state. This evidence indicated that the MM linkage mode would be minor in the adsorption of Zn(II) on TiO 2 under the conditions we examined. The MM adsorption mode was therefore excluded in the XANES analysis we described below. DFT-calculated Zn-O distances for both dissolved and adsorbed Zn complexation models were generally longer than the experimentally measured values. This difference between experimental and theoretical values has been attributed to the theoretical underestimation of solvent effect from outer-sphere water molecules. 39 However, we expect that this artifact does not affect the relative stability of the adsorption modes and their coordination properties.
X-ray Absorption Near-Edge Structure Analysis. Density of States Analysis. The projected density of states and calculated XANES spectra of 4-coordinated BB and 5-coordinated BM Zn(II)-TiO 2 surface complexes are presented in Figure 3 . The occupied molecular orbitals were those below the Fermi level E F , and the antibonding molecular orbitals were those above E F . 15, 33 Comparison between the absorption edge position and valence orbital density (Figure 3 ) indicated that the XANES absorption edge was primarily due to the dipole transition from Zn 1s electron into the Zn(3p)-O(2p) antibonding molecular orbital. The results of density of states showed that the degeneracy of the Zn(3p) orbital (Figure 3a ) occurred in the symmetrical 4-coordinated BB complex (Figure 3b , belongs to C 2v point group), which leads to an electronic doublet transition from the Zn 1s atomic orbital into the Zn(3p)-O(2p) antibonding molecular orbitals and forms a shoulder above the energy of the Zn K-edge (Figure3a). Different from the 4-oxygen coordinated BB complex, the high density of the Zn(3d) orbital and hence the greater transition probability from the Zn 1s electron into the Zn-(3d)-O(2p) antibonding molecular orbital occurs for the 5-oxygen coordination Zn polyhedron, which results in an absorption oscillation in the BM complex at an energy position of ∼10.0 eV higher than the absorption edge (Figure 3b ). These results indicated that the density of states and low-energy XANES (from pre-edge up to ∼10 eV beyond the absorption edge) was an effective probe for the coordination geometry around the target atom. We found that none of the occupied states (e.g., core electrons, Ti-O and Zn-O bonding orbitals, oxygen lone pairs) directly contributed to XANES spectra.
Theoretical Analysis of Experimental XANES. Experimental and calculated XANES spectra are presented in Figure 4 . There was no obvious difference in experimental XANES between the two samples (Figure 4) , suggesting a stable inner-sphere spatial population and complexation of Zn(II) on TiO 2 surfaces under the pH condition from 6.3 to 6.8, which was in accordance with the EXAFS-measured structural results ( Table 1 ). The theoretical XANES spectra of BB and BM complexes reproduced all absorption characteristics (absorption edge, post-edge absorption oscillation and shape resonances) from the experimental XANES spectra (Figure 4 ), indicating they they were appropriate for a description fo the real complexation of Zn(11) on TiO2 surfaces Different from the low-energy XANES (from pre-edge up to ~10 eV beyond the absorption edge) that is primarily dominated by the electronic structure encompassing the target atom, high-energy XANES (from post-edge ~10 eV up to ~50 eV beyond the absorption edge) results from the single and multiple scattering effects from the neighbor atoms around the target atom. Several shape resonances that directly reproduce the distribution of the neighbor coordination atoms may be formed in the high-energy XANES area. 32 The experimentally measured two postedge shape resonances agreed with the theoretical absorption of 5-coordinated BM (at 9708.0 eV) and 4-coordinated BB surface complex (at 9725.0 eV), respectively ( Figure 4) .
All the XANES evidence suggests that the BB and BM complexation modes coexisted in one sample and have distinct coordination structures, a finding consistent with the EXAFS and DFT results. Because the arrangement of atoms array in the real system is not as ideal as that of the calculated cluster model, the disorder of the real system leads to the broadening and weakening of the characteristic absorption in experimental XANES (Figure 4) . 17, 33 The overall spectral and computational evidence indicated that the coordination complexity of Zn(II) cation was due to the fact that each metastable equilibrium adsorption (MEA) state has a unique inner-sphere O coordinated site. The coexistence of different MEA states formed the multiple coordination environments.
Environmental Implications. This study provided a new interpretation of the EXAFS data by use of DFT calculations and experimental XANES analysis for metal ion adsorption on oxide surfaces. The coordination complexity of adsorbed Zn(II) suggested a potential new development of surface complexation models that can take into account the microscopic coordination structures in describing the macroscopic relationship between equilibrium concentrations in solution and on solid surfaces. The atomic-level identification of surface coordination geometry helps improve our understanding of the toxicity and environmental impacts of metal ions, because the change of metal coordination structure may produce a significant impact on its speciation and transport in the environment.
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